The very forward region at a future e + ecollider will be instrumented with calorimeters dedicated primarily for precise measurement of the integral luminosity with the precision required at a percent (CLIC) or at a permille level (ILC). As the constraints on luminosity precision come from the physics programs at future linear colliders, physics and machinerelated systematic effects are discussed as the main sources of uncertainty in luminosity measurement.
Introduction
Integrated luminosity measurement at a future linear collider will be performed by counting Bhabha events reconstructed in the luminometer fiducial volume. To match the physics benchmarks (i.e. W-pair production, fermion pair-production cross-section measurements) that might be of particular interest for the new physics, luminosity should be known at the level of 10 -3 or better at ILC and at a percent level at CLIC. This can be achieved with finely granulated calorimeters of high energy and polar angle resolution. Compact calorimeters with a small Moliere radius of ~1.5 cm are foreseen in the very forward region. Luminometer for a future linear collider will be designed as a finely segmented sampling calorimeter with tungsten absorber of 1 X 0 thickness interspersed with the high-ohmic n-type silicon sensors. To reduce systematic biases from the mechanical precision, a laser based monitoring system has been developed for ILC to control the position of the luminometer over short distances within a micron [1] . ILD model [2] for ILC is assumed at a center-of-mass energy of 500 GeV and 1TeV. The study is extended to 3 TeV center-of-mass energy, assuming the design of the very forward region for the CLIC detector [3] .
One of the main uncertainties in luminosity measurement at a future e + ecollider at TeV energies comes from the effects induced by space charges of the opposite beams. Beamstrahlung and electromagnetic deflection induced by the field of the opposite bunch, together with ISR, result in the change of the four-vectors of the final state particles, consequently causing the deviation of the polar angles and counting losses in the luminometer. The beam induced effects are particularly pronounced at higher energies, rising from 12.8% at 500 GeV at ILC [4, 5] in the upper 20% of the luminosity spectrum up to 70% counting loss in the 3 TeV CLIC case for the whole spectrum [6] . Corrective methods [6] developed to take this into account are reviewed in this paper.
Forward region layout
Two special calorimeters are foreseen to instrument the very forward region down to approximately 5 mrad (10 mrad) at ILC (CLIC): a luminometer designed to measure the rate of the low angle Bhabha scattering and the beam calorimeter that will allow fast luminosity estimate and extraction of the beam parameters. In addition, sensors of the beam calorimeter have to be radiation hard since the large amount of beamstrahlung pairs (~10TeV/BX at ILC) will be deposited in this detector. Both detectors are realized as sampling calorimeters using 1 X 0 tungsten plates as absorber. Except for the dedicated measurements, these detectors will serve to improve the overall hermeticity providing at the same time shielding for the inner tracking detectors.
Calorimeters foreseen to instrument the very forward region at CLIC are practically of the same design as for ILC, with the increased number of sensor-absorber layers due to higher energies (40 layers at CLIC versus 30 at ILC), differing only in apertures and distances from the IP optimized to take into account severe background from coherent and incoherent pairs (10 8 and 10 5 pairs produced per bunch crossing, respectively [7] ). Angular coverage of the forward region detectors extends from 10 mrad to 110 mrad. At ILC and CLIC luminometers cover 31-3 78 mrad and 38-110 mrad in polar angle, respectively. Layout of the very forward region at ILC and CLIC is illustrated in Figure 1 [2, 3] for the ILD detector concept.
Method of luminosity measurement
Luminosity at a future linear collider will be measured by determining the number of Bhabha scattering (N) corresponding to the theoretical cross-section (σ) in the detector fiducial volume as given in Eq. 1. This is counting experiment based on the theoretically well described QED process realized via t-channel photon exchange at small angles.
L=N/σ (1) However, the number of experimental counts is not exactly N from Eq. 1 since there are background particles miscounted as a signal and lost counts due to the deviation of polar angles induced by the beam-beam effects. Thus the number of Bhabha events counted experimentally has to be corrected for the estimated miscounts and count losses that we can determine, either experimentally or from simulation, with some intrinsic uncertainty. This uncertainty translates to the systematic uncertainty of the integral luminosity measurement. We propose the method to correct for the beam induced effects in a way that the residual uncertainty of the counting losses is in line with the required luminosity precision, or better. Physics background is taken as a fullsize effect since no uncertainty of the cross-section of these processes is yet known at the NLO level at TeV energies.
Guinea-Pig V1.4.4 [8] and BHWIDE V4.04 [9] are used to simulate approximately 10 6 Bhabha events with the nominal ILC beam parameters. Four-fermion background processes are simulated using WHIZARD V1.2 [10] multi-particle event generator. Detector related effects are simulated either using detector simulation software BARBIE V5.0 at ILC [11] or by the appropriate Gaussian smearing at CLIC.
Beam induced effects
Initial state electron and positron undergo beamstrahlung in addition emitting ISR while the final state Bhabha particles get scattered by the EM field of the opposite bunch. As mentioned in Section 1, the net effect is a significant counting loss in the detector fiducial volume. The most dominant source of the counting loss comes from the radiation emission 
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Physics and detector studies with FCAL at a future linear collider Ivanka Bozovic-Jelisavcic 4 through beamstrahlung and ISR from the initial state, since the electromagnetic deflection is rather small effect (~ 10 -3 ) at TeV energies. Center-of-mass frame of the colliding particles, after the beamstrahlung and ISR and prior to FSR (collision frame) is moving w.r.t. the laboratory frame with the velocity β coll = (v/c) coll that is calculable from the reconstructed final state polar angles θ:
As illustrated in Figure 2 [5] , events with the larger β coll are more probable to miss the detector fiducial volume. For β coll larger than some critical value β* (approximately 0.24 at ILC and 0.3 at CLIC), events are irreducibly lost. However for β coll ≤ β* counting loss can be corrected for by appropriate weighting w(β coll ) on the event-by-event basis.
(3)
ILC case
In order to suppress background from physics processes (see Chapter 5) only events above 80% of the nominal center-of-mass energy are selected for the luminosity measurement. The fraction of Bhabha events in this energy range that will be lost from the detector fiducial volume due to the high β coll is fairly small (~ 1.3‰) at ILC energies. This bias of the method translates to the luminosity uncertainty. It can be further corrected for, however not in the completely simulation independent manner. Figure 3 [4] illustrates uncorrected, corrected and lost counts at 1 TeV ILC. 
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CLIC case
Due to higher energy and bunch fields, counting losses due to beamstrahlung are much more pronounced at CLIC leading to the counting losses of ~ 43% [5] even in the peak of the luminosity spectrum (above 80% of the nominal center-of-mass energy). After the event weight correction, the residual counting bias is at the level of a few permille (~5‰) or even below 1‰ in the top 5% percent of the spectrum [5] . As illustrated in Figure 4 [6] , the significant fraction of spectrum is irreducibly lost below 80% of the nominal center-of-mass energy due to events missing the luminometer fiducial volume because of the deviated polar angles.
Physics background at ILC
Electron spectators produced in four-fermion processes ( Figure 5 ) can be miscounted as a signal since they are emitted at low polar angles carrying the most of the beam energy. Physics background contamination is at the level of several permille at ILC energies (~ 6 permille at 500 GeV) without any selection. If, however, only events above 80% of the nominal center-ofmass energy with acoplanarity less than 87 mrad are considered for luminosity measurement, physics background is reduced to ~2‰ at 500 GeV and below 1‰ at 1 TeV. With the same selection, the fraction of the lost events due to the beamstrahlung and ISR gets reduced ≤ 0.5‰ [4] since this type of isolation cuts prefer events with the smaller energy losses (smaller β coll ). Taking into account other systematic effects as in [12] , we prove that the overall uncertainty of the integral luminosity is ≤ 3‰ at ILC energies taking into account simulation dependent corrections and ≤ 5 ‰ if one corrects in a simulation independent manner.
Conclusions
Following the requirements for precision of luminosity measurement at a future linear collider, physics and machine induced effects are understood at the great level of details. Corrective method has been developed to take into account counting losses due to beamstrahlung and the initial state radiation. The above reduces very large systematic uncertainties of the integral luminosity (of more than ten percent in top 20% of the luminosity 6 spectrum at ILC) to the permille level. Event selection for luminosity measurement at ILC is proposed to comprehend both the beam induced effects and miscounts due to the physics background. It has been proven that the overall uncertainty of the luminosity measurement at ILC is at the level less than a three (five) permille for the simulation dependent (independent) corrections.
